In mammals, growth hormone-releasing hormone (GHRH) is the most important neuroendocrine factor that stimulates the release of growth hormone (GH) from the anterior pituitary. In non-mammalian vertebrates, however, the previously named GHRH-like peptides were unable to demonstrate robust GH-releasing activities. In this report, we provide evidence, for the first time, that these GHRH-like peptides are homologues of mammalian PACAP-related peptides (PRP). Instead, novel GHRH peptides encoded in cDNAs isolated from goldfish, zebrafish and African clawed frog were identified. Moreover, receptors specific for these GHRHs were characterized from goldfish and zebrafish. These GHRHs and GHRH-Rs are phylogenetically and structurally more similar to their mammalian counterparts than the previously named GHRH-like peptides and GHRH-like receptors. Information regarding their chromosomal locations and organization of neighboring genes confirmed that they share the same origins as the mammalian genes. Functionally, the goldfish GHRH dose-dependently activates cAMP production in receptor-transfected CHO cells as well as GH release from goldfish pituitary cells. Tissue distribution studies showed that the goldfish GHRH is expressed almost exclusively in the brain, while the goldfish GHRH-R is actively expressed in brain and pituitary. Taken together, these results provide evidence for a novel GHRH-GHRH-R axis in non-mammalian vertebrates.
Introduction
Growth hormone-releasing hormone (GHRH), also known as growth hormone-releasing factor, was initially isolated from pancreatic tumors causing acromegaly (1, 2) , and hypothalamic human GHRH was shown to be identical to the one isolated from the pancreas tumor (3) . Thereafter, the sequences of GHRHs were determined in various vertebrate species and in protochordates (4) . In mammals, GHRH is mainly expressed and released from the arcuate nucleus of the hypothalamus (5) . The primary function of GHRH is to stimulate GH synthesis and secretion from anterior pituitary somatotrophs via specific interaction with its receptor, GHRH-R (5) .
In addtion, GHRH activates cell proliferation, differentiation and growth of somatotrophs (6) (7) (8) . There are many other reported activities of GHRH such as modulation of appetite and feeding behavior, regulation of sleeping (9-10), control of jejunal motility (11) , and increase of leptin levels in modest obesity (12) .
In mammals, GHRH and pituitary adenylate cyclase-activating polypeptide (PACAP) are encoded by separate genes: GHRH is encoded with a C-peptide with no known function, whereas, PACAP and PACAP-related peptide (PRP) are present in the same transcript (13) (14) . In non-mammalian vertebrates and protochordates, GHRH and PACAP were believed to be encoded by the same gene and hence processed from the same transcript and prepropolypeptide (15) . It was suggested that mammalian GHRH was evolved as a consequence of a gene duplication event of the PACAP gene which occurred just before the divergence that gave rise to the mammalian lineage (3) . Prior to this gene duplication event, PACAP was the true physiological regulator for GH release while its function was progressively taken over by the GHRH-like peptides encoded with PACAP after the emergence of tetrapods (16) . The GHRH-like peptide was later evolved to PRP in mammals, and the second copy of the ancestral GHRH-like/PACAP gene, after gene duplication, became the physiological GHRH in mammals (3) . This hypothetical evolutionary scheme of GHRH and PACAP genes previously proposed could successfully accommodate and explain most of the information available.
However, by data mining of the genomic sequences from several vertebrates, genomic sequences encoding for putative GHRHs and GHRH-Rs from amphibian (Xenopus laevis) and teleost (zebrafish) were found. The corresponding proteins share a higher degree of sequence identity with mammalian GHRH and GHRH-R, when compared with the previously identified GHRH-like peptides and receptors. In this report, by analyzing the phylogeny, chromosomal location, and function of these ligands and receptors, a new evolutionary scheme for GHRH, PRP-PACAP and PHI-VIP genes in vertebrates is proposed. More importantly, the discovery of novel mammalian GHRH homologues by in silico analysis in other fish provides new research directions regarding the neuroendocrine control of growth in vertebrates. themselves, and 51.1% and 49.7%, respectively, with the human GHRH-R (S8).
Kyte-Doolittle hydrophobicity plots of these receptors indicated the presence of seven hydrophobic transmembrane regions that are conserved in all class IIB receptors (S9).
In addition, the eight cysteine residues in the N-termini of fish and human GHRH-Rs, that presumably structurally maintain the ligand binding pocket (17) , are identical.
These receptors also contain the basic motifs in the third endoloop, indicating that they can also couple to the cAMP pathway, similar to other members in the same PACAP/glucagon receptor family (18) .
A comparison of the fish GHRH-R with other class IIB receptors (S11B) clearly shows that fish GHRH-Rs, sharing 64. .4% sequence identity, are distinct from the previously identified GHRH-like receptors (PRP-Rs). The sequence identity between goldfish GHRH-R and PRP-R is 39 .7%, which is not different (36.4-38 .3%) from other goldfish receptors in the same gene family, including PAC1-R, VPAC1-R and PHI-R.
The sequence identity shared by goldfish, avian and mammalian GHRH-Rs is 48.9-51.1%, which is significantly higher than any other receptors in the same class IIB family, whether in goldfish or in human.
Phylogenetic Analysis of the Novel GHRH and GHRH-Rs.
Based on the novel GHRH sequences, a revised phylogenetic tree for GHRH, GHRH-like and PRP peptides was constructed using PACAP as the out-group (Fig. 1A) . The newly identified GHRH peptides from fish and amphibian were grouped together with all other previously cloned or predicted GHRH sequences from mammals to fish.
Interestingly, the previously named GHRH-like peptides were phylogenetically closer to mammalian PRPs and resembled to form a distinct branch together. Within the GHRH grouping, GHRHs clustered together according to their class with the exception of rodents. Within all PRPs, avian, amphibian and fish PRPsalmon-like (formerly GHRHsalmon-like) clustered to form a sub-branch, whereas, the fish PRPcatfish-like peptides formed a different group. Apparently, there are two forms of PRPs in fish, but only the salmon-like PRPs are observed in avian and amphibian species. Catfish-like PRP, therefore, is uniquely present in fish, and hence must have evolved by gene duplication after the split that gave rise to tetrapod and ray-finned fish.
Similarly, the newly found gfGHRH-R and zfGHRH-R, and the predicted GHRH-R from chicken and Fugu branched together with mammalian GHRH-Rs, whereas the fish PRP-Rs (formerly GHRH-like receptor) formed a separate branch ( Fig.   1B ). These data confirmed that, together with GHRHs, receptors that are structurally closely related to mammalian GHRH-Rs also exist in other classes. It is interestingly to note that PRP-R might have been lost in mammals (see below). As the function of PRP in non-mammalian vertebrates is not known, the implications of losing PRP-R in mammals is unclear.
Chromosomal Synteny of GHRH and GHRH-R Genes.
According to the latest genome assembly versions, the locations, gene structures and organizations of neighboring genes of GHRHs and GHRH-Rs in Zebrafish (zebrafish assembly version 4, Zv4) and Xenopus (Xenopus tropicalis 4.1) were determined (S10). All exon-intron splice junctions agree with the canonical GT/AG rule. Both fish and amphibian GHRH genes have 4 exons and the mature peptides are located in exon 3. In mammals, GHRH genes also have 4 exons, whereas the mature peptides are found in exon 2 instead of exon 3. Also, exon 2 and its encoded sequences in frog and goldfish are different and are unique in their own species (S4). This information indicated that, although there were frequent exon rearrangements, the mature peptide-encoding exon, in terms of sequence and structure, have been relatively well preserved during evolution. Finally, the GHRH genes are also structurally distinct from PRP-PACAP genes (S10), in which the three exons encoding cryptic peptide, PRP and PACAP are arranged in tandem.
Thus, the organizations of GHRH and PRP-PACAP genes also indicate that they have different origins in evolution. and MANBAL in human and chicken. In fact, the RPN2 genes are found also in similar locations in all species analyzed except zebrafish ( Fig. 2A ). Other than RPN2, EPB41L1, C20orf4, DLGAP4, MYL9, and CTNNBL1 are also closely linked to the GHRH gene loci in human and frog. In Fugu and Xenopus, BPI and EPB41L1 genes are both linked to GHRH while in Fugu and zebrafish, the CDK5RAP1 gene is found close to the GHRH locus. These kinds of similarities in chromosomal syntenic linkage were not observed when comparing the GHRH and PRP-PACAP genes in vertebrate genomes, again confirming the idea that two different genes encoding for GHRH and PACAP exist from fish to mammal.
Regarding the receptor, the GHRH-R and PAC1-R gene loci are in close proximity in human, chicken, zebrafish and Fugu (Fig. 2B ), indicating that they are homologues in different species. Interestingly, we found that the PRP-R locus is also linked to fishGHRH and xGHRH induced dose-dependent stimulation of zfGHRH-R with EC 50 values of 3.7 x 10 -7 and 8.4 x 10 -7 M, respectively, the fish peptide being 2.3 folds more efficacious than xGHRH ( Fig. 3B ). In contrast, gfPRPsalmon-like and gfPRPcatfish-like did not induce cAMP production in zfGHRH-R-transfected cells. 
Tissue Distribution of GHRH and GHRH-R in Goldfish and Xenopus laevis.
The physiological relevance of GHRH and its cognate receptor in goldfish was tested by measuring their transcript levels using real-time PCR ( Fig. 4 ). GHRH mRNA was detected mostly in the brain while GHRH-R mRNA was found in both brain and pituitary. The expression patterns of these genes in the brain-pituitary axis further support the functional role of the novel GHRH acting to stimulate GH release from the anterior pituitary.
Discussion
The Newly Identified GHRHs, but not GHRH-Like Peptides, are Mammalian GHRH Homologues. The primordial gene for the PACAP/VIP/glucagon gene family arose more than 650 million years ago and, through exon duplication and insertion, gene duplication, point mutation and exon loss, the family of peptides has developed into the forms that are now recognized. Based on sequence comparison, phylogenetic study and chromosomal locations of GHRH and GHRH-R in vertebrates, we here show that the previously named GHRH-like peptides are homologues of mammalian PRPs, and hence should be renamed as PRP from now on. Moreover, the tissue distribution of these PRPs in the fish brain is different when compared to mammalian GHRHs (19) .
Functionally, PRPs were unable to stimulate zfGHRH-R, as well as incapable of activating GH release from fish pituitary as shown in this and previous studies (20) (21) (22) .
More importantly, the present report demonstrates the presence of authentic GHRH peptides in non-mammalian vertebrates. In addition to goldfish and zebrafish, several ray-finned fish GHRHs were identified in medaka, strickland, Fugu, Tetraodon, flounder, and rainbow trout (see S11) by in silico analysis. The mature GHRH sequences are almost identical in these eight fish species, with only one substitution in rainbow trout and medaka GHRHs at position 25 (S) and 26 (I), respectively. Moreover, the peptide cleavage sites (R and GKR) are also conserved. This information clearly suggests an important physiological function of GHRH in such diversified fish species, and shows that the newly discovered GHRHs are homologues of mammalian GHRHs.
In parallel with the evolution of GHRHs, novel GHRH-Rs that are homologous to their mammalian counterparts in structure, function, chromosomal localization and tissue distribution are also found in fish. We have therefore shown that, unlike what was hypothesized in previous reports (15-16) both GHRH and its receptor genes actually existed before the split for tetrapods and ray-finned fish.
Another interesting observation is the existence of PRP-specific receptors from fish (23) (24) (25) to chicken, suggesting that PRP potentially is a physiological regulator in these species. However, despite our efforts, we were unable to find the PRP-R gene in any of the mammalian genome databases (totally 12), including the almost completed human and mouse genomes, indicating that PRP-R (but not PRP) was lost in the mammalian lineage. A possible explanation is that PRP-R was lost in a chromosomal translocation event. As shown in Fig. 3B , in chicken, GHRH-R, PAC1-R, PRP-R and VPAC1-R genes are clustered in the same chromosomal region, while, in mammals, VPAC1-R is translocated to a different chromosome and the DNA sequences between VPAC1-R and PAC1-R containing the PRP-R, somehow disappeared.
Implications of the Newly Discovered GHRHs on our Understanding of the

Evolution of GHRH and PRP-PACAP Genes.
The "one-to-four" rule is the most widely accepted and prevalent model to explain the evolution of many vertebrate genes.
This model is based on the "two round genome duplication" hypothesis (26) .
According to this 2R hypothesis, a first genome duplication occurred as early as in deuterostomes and this was followed by a second round of genome duplication, that took place before the origin of gnathostomes, resulting in having 4 copies of the genome. Based on this hypothesis and our findings, we propose a scheme for the evolution of GHRH and PRP-PACAP genes in vertebrates ( Fig. 5 ). In the beginning, the ancestral chordates possessed one copy of the PACAP-like gene which encoded a single peptide, and by exon duplication, the PRP-PACAP ancestral gene was formed.
As a result of two rounds of genome duplication (1R and 2R), the ancestral gene produced 4 paralogous genes, but only three of them, PRP-PACAP, PHI-VIP and GHRH genes, persisted in later lineages. One of the duplicated copies could have been lost via a global process called diploidization (27) (28) (29) . Although there are two highly conserved PRP-PACAP genes in fish and tunicates, they are produced neither by 1R nor 2R, and this will be discussed later. The earliest PRP-PACAP genes were identified in protochordates (Chelyosoma productum, 15) , in which two PRP-PACAP genes with little differences in gene structure were found. Protochordates are invertebrates that split from vertebrates before the two rounds of genome duplication. Therefore, if these two PRP-PACAP genes existed before 1R and 2R, there should be 8 PRP-PACAP paralogues in vertebrates.
Also, the tunicate PRP-PACAP genes share very high levels of similarity among themselves in terms of gene structure and peptide sequence. Hence, these duplicated copies of PRP-PACAP genes are the result of a more recent gene duplication event that occurred after the initial divergence. Interestingly, in the phylogenetic tree, the tunicate PRP-like peptide belongs neither to GHRH nor to PRP groupings. The N-termini of these peptides are similar to PACAP, whereas the C-termini share higher similarity with PRP. Therefore, it is likely that these tunicate PRP-like peptides are evolved from the same ancestral sequences of PRP and/or PACAP. Based on our model, the evolution of GHRH, PRP-PACAP and PHI-VIP genes could be explained using the concept of Duplication-Degeneration-Complementation (DDC) (30) (31) . After the first round of genome duplication (1R), the ancestral PRP-PACAP gene duplicated into two and each of them independently mutated. One of the genes had mutations mainly in the PRP-like region, thus giving rise to the PRP-PACAP gene with the function of the ancestral gene mostly preserved in the PACAP domain. Together with PRP's changes, a duplicated PACAP receptor evolved to interact specifically with PRP. Although we have no information regarding the function of PRP from fish to birds, the presence of a specific receptor that is expressed in a tissue-specific manner strongly suggests that this peptide exerts some physiological role. As the primary function was secured by the conservation of PACAP, in the other copy, PRP is free to mutate to GHRH while PACAP sequences were lost by exon deletion, producing the GHRH gene in vertebrates. After 2R, the duplicated gene copy for PRP-PACAP was free to mutate and hence to acquire new functions to become PHI-VIP, and consistently, PHI and VIP are similar to PRP and PACAP, respectively.
Until now, we have not been able to find a second GHRH homologue in vertebrates, and we thus propose that the duplicated GHRH gene may have been deleted or lost in the process of genome rediploidization.
The final question is what is the origin of the two forms of PRP, salmon-like and catfish-like, and correspondingly two PRP-PACAP genes, in fish? We named these PRPcatfish-like and salmon-like as there are clearly two branches in the phylogenetic tree in which the avian and amphibian PRPs are more similar to fish PRPsalmon-like.
Based on previous reports and sequence analysis, we found that, in fact, all bony fish possess a PRPsalmon-like gene, supporting the idea that PRPsalmon-like is the ancestral form while PRPcatfish-like existed before the tetrapod/fish split, a duplicated copy arising from a more recent duplication event that occurred after the appearance of the teleost lineage (32) . This is confirmed by the presence of duplicated PHI-VIP and glucagon genes in the Fugu and zebrafish genomes, as well as two genes for PAC1-R, VPAC1-R and VPAC2-R in fish (33) . There is further evidence supporting the hypothesis of a third round of genome duplication; for example, zebrafish possesses seven HOX clusters on seven different chromosomes, instead of four clusters found in mammals (34) . Also, there are many duplicated segments in the zebrafish genome where similar duplication are not found in the mammalian genome. This information suggests that some of the genome was duplicated in an ancient teleost. Based on this, we hypothesize that catfish-like and salmon-like PRP encoding genes were produced from the actinopterygian-specific genome duplication at around 300-450MYA. Predicted protein sequences were then aligned by ClustalW. Sequence-specific or degenerate primers were designed accordingly for cDNA cloning by PCR amplifications.
Materials and Methods
Animals and
Molecular Cloning of GHRHs (Xenopus laevis, Zebrafish and Goldfish) and
GHRH-Rs (Zebrafish and Goldfish). Total RNAs from brain (zebrafish and goldfish) and pituitary (Xenopus laevis) were extracted according to the manufacturer's protocol (Invitrogen, Carlsbad, CA). Rapid Amplification of cDNA Ends (5' and 3' RACE) was performed using the 5' and 3' RACE amplification kits (Invitrogen). Full length cDNA clones encompassing the 5' to 3' untranslated regions were produced by PCR using specific primers and confirmed by DNA sequencing. Full-length GHRH-R cDNAs were subcloned into pcDNA3.1+ (Invitrogen) for functional expression. Primers used in this study are listed in S12.
Tissue Distribution of GHRH and GHRH-R in Goldfish. Goldfish GHRH and
GHRH-R transcript levels in various tissues were measured by real-time RT-PCR. First strand cDNAs from various tissues of sexually matured goldfish were prepared using the oligo-dT primer (Invitrogen). GHRH and GHRH-R levels were determined using the SYBR Green PCR Master Mix kit (Applied Biosystems, Foster City, CA) together with specific primers (sequences listed in S13). Fluorescence signals were monitored in real time by the iCycler iQ system (Bio-Rad, Hercules, CA). The threshold cycle (Ct) is defined as the fractional cycle number at which the fluorescence reaches 10-fold standard deviation of the baseline (from cycle 2 to 10). The ratio change in target gene relative to the -actin control gene was determined by the 2 -Ct method (36) . To measure cAMP production upon ligand activation, 2 days prior to stimulation, 2.5 x 10 5 CHO-zfGHRH-R or CHO-gfPRP-R cells were seeded onto 6-well plates (Costar, CA). The assay was performed essentially as described earlier (37) using the Correlate-EIA Immunoassay Kits (Assay Design, Mi).
Measurement of GH Release from Goldfish Pituitary Cells. Goldfish in late stages
of sexual regression were used for the preparation of pituitary cell cultures. Fish were sacrificed by spinosectomy after anesthesia in 0.05% tricane methanesulphonate (Syndel, Vancouver, BC, Canada). Pituitaries were excised, diced into 0.6 mm fragments, and dispersed using the trypsin/DNA II digestion method (38) with minor modifications (39) . Pituitary cells were cultured in 24-well cluster plates at a density of 0.25 10 6 cells/well. After overnight incubation, cells were stimulated for 4 hr and culture medium was harvested for GH measurement using a radioimmunoassay previously validated for goldfish GH (40) . 
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